BACKGROUND: Factors contributing to medication nonadherence among patients with chronic obstructive pulmonary disease (COPD) are poorly understood. OBJECTIVES: To identify patient characteristics that are predictive of adherence to inhaled medications for COPD and, for patients on multiple inhalers, to assess whether adherence to one medication class was associated with adherence to other medication classes. DESIGN: Cohort study using data from Veteran Affairs (VA) electronic databases. PARTICIPANTS: This study included 2,730 patients who underwent pulmonary function testing between 2003 and 2007 at VA facilities in the Northwestern United States, and who met criteria for COPD. MAIN MEASURES: We used pharmacy records to estimate adherence to inhaled corticosteroids (ICS), ipratropium bromide (IP), and long-acting beta-agonists (LABA) over two consecutive six month periods. We defined patients as adherent if they had refilled medications to have 80 % of drug available over the time period. We also collected information on their demographics, behavioral habits, COPD severity, and comorbidities. KEY RESULTS: Adherence to medications was poor, with 19.8 % adherent to ICS, 30.6 % adherent to LABA, and 25.6 % adherent to IP. Predictors of adherence to inhaled therapies were highly variable and dependent on the medication being examined. In adjusted analysis, being adherent to a medication at baseline was the strongest predictor of future adherence to that same medication [(Odds ratio, 95 % confidence interval) ], but did not reliably predict adherence to other classes of medication. CONCLUSIONS: Among patients with COPD, past adherence to one class of inhaled medication strongly predicted future adherence to the same class of medication, but only weakly predicted adherence to other classes of medication.
INTRODUCTION
Multiple randomized controlled trials have demonstrated the efficacy of pharmacological treatment of chronic obstructive pulmonary disease (COPD) at improving symptoms and quality of life, while reducing the frequency of exacerbations. [1] [2] [3] [4] Medications cannot be effective when they are not taken. Medication adherence represents a complex set of health behaviors that is not clearly understood. Patients who demonstrate better adherence to an assigned treatment, including placebo treatment in the context of efficacy trials, have been shown to experience better outcomes. 5 Although there is a paucity of information about adherence to pharmaceutical therapy for COPD, existing information suggests that medication nonadherence is common. 6 In contrast to other chronic conditions such as hypertension and diabetes, there is limited information about predictors of nonadherence to inhaled medication therapies among patients with COPD. [7] [8] [9] [10] [11] Moreover, the studies of adherence to COPD medications have largely focused on short-acting bronchodilators. Given the wealth of recently published data demonstrating the efficacy of long-acting inhaled therapies for COPD, understanding characteristics of associated medication adherence represents an important opportunity to identify areas where interventions may be designed to improve adherence to therapies with documented benefit. We sought to assess predictors of adherence to inhaled therapies for COPD and, for patients on multiple inhaled medications, to assess whether adherence to one class of medication predicts adherence to other classes of medication.
METHODS

Settings and Subjects
We performed a cohort study of Veterans who had pulmonary function testing. Our study population was identified from the 14,541 patients from three sites within the Veterans Integrated Service Network 20 (VISN 20) medical facilities, who had pulmonary function tests (PFTs) performed between January 2003 and December 2007. Pulmonary function testing was obtained as part of routine clinical care. We enrolled into our cohort those patients who: (1) had spirometric evidence of COPD, as defined by the global initiative for chronic obstructive lung disease (GOLD) criteria (a post-bronchodilator FEV 1 /FVC ratio less than 0.7), and (2) had a ReComp score for at least one of the study medications during both the baseline and the outcome periods. 12 Enrollment did not require a clinician's diagnosis of COPD. The enrollment date for a patient was the date of their first PFT within the specified time period that met criteria for obstruction. Of note, the patient could have had PFTs prior to January 2003, and thus the enrollment date does not necessarily reflect a new diagnosis of COPD. The protocol was approved by the institutional review boards at the University of Washington and the Veterans Affairs (VA) Puget Sound Health Care System.
Medication Adherence
Our primary outcome measure was medication adherence in the six month period after enrollment into the cohort. We measured adherence to three different classes of medication: inhaled corticosteroids (ICS), ipratropium bromide (IP), and long-acting beta-agonists (LABA). We used the ReComp algorithm to estimate medication adherence based on information included in VA computerized pharmacy records. The ReComp measure is similar to a medication possession ratio and it accounts for overstocking and medication gaps; it has been shown to correlate better with physiologic outcomes than previous measures of adherence, and has been used in prior studies. [13] [14] [15] To account for stock of medications received prior to the period of interest (in this case the six months prior to and following enrollment), ReComp incorporates a run-in period assessing medications dispensed in the six months prior to the period of interest. A ReComp value of 0 indicates that no medication was available to the patient, and a value of 1 indicates that medication was available for all days in the period of interest. ReComp scores greater than 1 were truncated to 1.0. A ReComp score was only calculated for a medication if the patient had been dispensed that medication. Thus, a patient who had received the medication but never refilled it during the period of interest would have a ReComp score of 0, while a patient who was not prescribed a class of medication would not have a ReComp score for that medication. We defined adherence to a medication as having a ReComp score greater than or equal to 0.80, similar to previous studies. 5 Outcome adherence reflects adherence in the six month period following the date of enrollment, and baseline adherence represents the six month period prior to enrollment. Our measure of outcome adherence was not a measure of primary adherence, as patients had been prescribed these medications prior to the date of enrollment.
Our primary exposure variable was medication adherence in the six month period before enrollment into the cohort. 
Covariates
Baseline sociodemographic characteristics were obtained from the VA computerized medical record system. These included age, gender, race, smoking status (defined as current smoker or nonsmoker based on VA health factors), and number of missed clinic visits in the twelve months prior to study enrollment.
Comorbid illnesses were assessed using ICD-9 diagnoses included in the patient's VA electronic medical record in the twelve months prior to their study enrollment date. We also collected information about additional medication classes that had been dispensed through VA pharmacies in the twelve months prior to enrollment.
Several variables were included as markers of COPD disease severity. We collected data on pulmonary function testing by utilizing PFT data included in the VA electronic medical record. We obtained information regarding the frequency of both inpatient and outpatient COPD exacerbations within the year prior to enrollment; an inpatient exacerbation was defined as having a primary inpatient diagnosis of COPD (ICD-9 codes 491.%, 492.%, 493.2 %, or 496.%), while an outpatient exacerbation was defined as having an outpatient diagnosis of COPD, accompanied by a prescription of either prednisone or an antibiotic within two days of the visit. Frequent exacerbators were patients with both an FEV 1 <30 percent-predicted and ≥2 COPD exacerbations (inpatient or outpatient) within the past year. We defined patients as having a baseline diagnosis of COPD if they had either an inpatient or outpatient diagnosis of COPD in the year before enrollment.
Data Analysis
Bivariate analyses were performed using appropriate parametric or non-parametric tests. Logistic regression modeling was conducted to assess independent predictors of medication adherence. To be included in the analyses, a subject was required to have a ReComp score for the medication of interest during both the outcome and the baseline periods. Our primary exposure was medication adherence in the six months prior to study enrollment. To assess the effect of potential confounding factors and identify important predictors of adherence, we added covariates in blocks to the models with the primary exposure variable (medication adherence in the six months prior to enrollment), starting with sociodemographic characteristics, markers of COPD severity, health behaviors, and comorbid illnesses. Our final models included the following covariates: age, gender, race, number of missed clinic visits, FEV 1 measured as percentpredicted, occurrence of ≥1 outpatient COPD exacerbations, asthma, lung cancer, and total number of medication classes. A two sided p-value of <0.05 was used to determine statistical significance. Analyses were performed using STATA version 11 and SAS version 9.2.
RESULTS
We identified 2,730 subjects who met our enrollment criteria. As demonstrated in Table 1 , which shows baseline patient characteristics during the period before enrollment, members of the cohort were predominantly older (mean age 66.1± 10.8 years), white (74.9 %) and male (97.1 %) Veterans. By GOLD criteria, 60.7 % had severe to very severe COPD (the mean FEV 1 was 43.4±20.8 percent-predicted). Prior to enrollment, 83.1 % carried a diagnosis of COPD . Ipratropium (IP) was the most commonly dispensed medication, followed by ICS, and then LABA. Baseline adherence to medication was generally poor, with only 25.6 % adherent to IP, 19.8 % adherent to ICS and 30.6 % adherent to LABA.
In bivariate analyses, as seen in Table 2 , there was significant heterogeneity in the baseline patient characteristics that were associated with our outcome, adherence to the three classes of medication in the six months following enrollment. Gender, race, and smoking status were not associated with medication adherence. Overall, medication adherence was not generally associated with the presence of particular comorbid conditions, nor with the number of total drug classes that patients had received. Older age and fewer missed clinic visits were associated with LABA adherence only. A previous diagnosis of lung cancer or asthma was associated with decreased adherence to LABA, while a diagnosis of acute coronary syndrome or depression was associated with decreased adherence to IP.
Examining the relationship between adherence and markers of COPD severity, higher adherence to LABA and IP was associated with greater severity of airflow obstruction, as defined by absolute and percent-predicted FEV 1 ; whereas higher adherence to ICS was associated with severity of airflow obstruction only when it was defined in absolute FEV 1 . Medication adherence was not associated with previous inpatient COPD exacerbations. Higher adherence to IP was associated with prior treatment for a COPD exacerbation in the outpatient setting and with the group of frequent exacerbators. Having a baseline clinical diagnosis of COPD was associated with improved adherence to all classes of medications.
Likewise, in bivariate analyses, adherence to ICS, LABA, and IP during the baseline period was associated with subsequent adherence to all classes of inhaled medications. The magnitude of the effect was strongest, however, for adherence to medications within the same class. As seen in Figure 1 and Table 3 , after adjustment for potentially confounding factors, baseline adherence to an alternate class of inhaled medication was not consistently associated, or only minimally associated, with future adherence to different classes of medication. However, baseline adherence to one class of medication (either ICS, IP, or LABA) was strongly associated with subsequent adherence to the same class of medication. For example, among those with excellent baseline ICS adherence, the odds for future adherence to ICS was 4.79 (95 % CI 3.22-7.12); among those with excellent baseline LABA adherence, the odds for future adherence to LABA was 6.60 (3.92-11.11); and among those with excellent baseline IP adherence, the odds for future adherence to IP was 14.13 (10.00-19.97 ).
Examining the covariates in each of the individual models demonstrated in Figure 1 , we found that none of the additional variables were significantly associated with adherence to ICS. In models predicting adherence to LABA, older age was associated with better adherence to LABA, while missed appointments and a previous diagnosis of lung cancer were associated with poorer adherence to LABA. In models predicting adherence to IP, milder severity of airflow limitation and the total number of drug classes prescribed were both associated with decreased IP adherence. Compared to the strong association between past adherence to a medication class and future adherence to the same medication, the magnitude of effect for all other statistically significant associations was relatively small.
DISCUSSION
We found that adherence to ICS, LABA, and IP was low among those prescribed medication for COPD, and that the strongest predictor of future medication adherence was past adherence to medications within the same drug class. Furthermore, adherence to inhaled medications from different classes and other predictors, including COPD severity, health behaviors, and burden of comorbid illnesses, were not strong predictors of adherence. These results have important implications in the delivery of care to patients with COPD. Inhaled medications represent the cornerstone of therapy for the majority of patients with COPD. Significant emphasis has been recently placed on enhancing medication adherence, because of results from efficacy trials that demonstrate a clear reduction in both symptoms and future COPD exacerbations. 1,2 Our results suggest that interventions that are designed to improve medication adherence among patients with COPD will need to focus not only on the general importance of taking these medications, but that these interventions will likely need to be tailored to each individual class of medication. Furthermore, our results suggest that even if a patient is highly adherent to one of their medications, clinicians will still need to inquire about their adherence to other inhaled medications individually.
Why patients may be adherent to one medication and nonadherent to another is not known. We suspect that the higher adherence to IP among patients with more severe airflow obstruction, but not to LABA and ICS, may be related to the perceived immediate benefit of IP on symptom relief. In addition, although patients are typically instructed to use IP at regular intervals, patients may instead be using IP as a rescue medication whereas clear instructions are typically given that neither ICS nor LABA should be used in this manner. We would hypothesize that, because Figure 1 . Odds of medication adherence. Error bars reflect 95 % confidence interval. Reference group for each model is poor baseline adherence. All models were also adjusted for gender, race, occurrence of ≥1 outpatient COPD exacerbations, and asthma, none of which was a significant predictor in any model. There are additional potential explanations for the difference in adherence between classes of inhaled medications. Patients may respond better to one class of medication than to the other classes, and for that reason, preferentially use the medication class that provides superior relief. Furthermore, inhalers employ different mechanisms of medication release (metered-dose inhalers, dry powder inhalers, and nebulizers). A patient who does not understand how to use one type of inhaler would likely get little benefit from it and may therefore stop using it. Each medication class has a unique side effect profile; for instance, inhaled corticosteroids have been reported to cause oropharyngeal candidiasis, hoarseness, and dysphonia. 16 It is reasonable to expect that a patient who experiences such a side effect to ICS may preferentially adhere to their other inhalers. Inconvenience, in the form of frequent or complex medication dosing regimens, has been identified as an important factor contributing to nonadherence. 17 Finally, there is the possibility that patients limit their medication use because of costs, although we would anticipate this effect being attenuated within the VA system where medications are provided free or at low cost.
Our results are consistent with previous studies that documented low adherence rates to inhaled medications among COPD patients. [7] [8] [9] 11, [18] [19] [20] [21] [22] [23] These studies have produced inconsistent conclusions about the role of sociodemographic factors on adherence to COPD medications. [7] [8] [9] We found that sociodemographic and behavioral characteristics, markers of COPD severity, and comorbidities were generally poor predictors of medication adherence.
Our study has several strengths. It is the first study to assess the relationship between adherence to different classes of COPD medications simultaneously. This allows us to examine patterns of different medication use within the same individual. Second, our study only enrolled Veterans in our centers who had documented spirometric evidence of COPD, which allowed us to confirm the presence of airflow limitation and to minimize biases that could arise by including patients without confirmed airflow limitation. Finally, VA drug acquisition costs are typically free or require only a small copayment, mitigating some of the effects of access to drugs because of cost.
The study has several limitations. First, because the cohort was derived from a VA population, these results may not generalize to non-integrated systems of care or to women. Second, we chose 80 % as a threshold of adherence based on the widespread use of this cut-point in previous studies, including in the COPD literature. 5, [24] [25] [26] However, 80 % adherence has not been shown to be a threshold where COPD medications are truly efficacious. Finally, the information available for our analyses was limited to variables included in our databases. The impact of other variables that may be associated with adherence, such as patient distance from the VA or the specialty of the medication prescriber, could not be assessed in this study.
There are multiple mechanisms for estimating adherence, including patient self-report, pharmacy refill measurement, and electronic drug monitoring; each of these measures presents advantages and disadvantages. 27 Our use of pharmacy refill records may be viewed as both a strength and a limitation. This method allowed us to obtain population level data and to avoid recall and social desirability biases. Electronic drug-monitoring has been suggested to be a more accurate measurement of adherence, especially in comparison to patient self-report. 28 However, when compared in the same patient population, pharmacy refill records and electronic drug monitoring yield comparable estimates of adherence. 29 Moreover, electronic monitoring of patients' medication use in a study such as ours would have been prohibitively expensive. A potential limitation of the pharmacy refill method is that it measures medication acquisition, but not medication use. It is likely reasonable to assume that patients who regularly refill medications over time are using them. An ideal measure of inhaler adherence would take into account not only inhaler use but correct technique of inhaler use (referred to as competence); inhaler devices have been designed which electronically measure both adherence and competence. 30 However, such methods of measurement are cumbersome and expensive and thus not feasible in a population level study such as ours.
In conclusion, our results demonstrate that in a large cohort of patients with COPD, adherence to inhaled medication was poor and that the strongest predictor of adherence was being previously adherent to the same medication class. Our finding that adherence to inhaled medications is not generalizable across medication classes, but is instead class-dependent, is relevant to the clinician prescribing these medications. The application of this finding does not require measures of medication adherence by the clinician. A clinician's confidence about a patient's adherence to one class of medication should not be used as a proxy for adherence to other medications; rather, our results suggest that clinicians should inquire about adherence to each inhaled therapy for COPD separately. Furthermore, when initiating a patient on a new class of COPD medication, clinicians should be aware that past adherence to other classes of medication cannot be treated as a predictor of adherence to the new medication. Additionally, interventions that are designed to improve adherence to inhaled medication may need to be designed to incorporate variation in adherence between medications. Further study is needed to better understand the individualized reasons underlying this variance.
